[1] The timing and magnitude of channel bed erosion by three debris flows was measured in 2008 at the Illgraben catchment, Switzerland, using a scour sensor which consisted of a vertical array of erodible sensor elements. During the largest debris flow, sediment was entrained progressively and stepwise at the flow head within 20 s after front arrival, and onset of erosion started before maximum values for flow height and normal and shear stress, measured nearby, were reached. Erosion in one of the two smaller debris flows also occurred at the head of the flow, but the magnitude of erosion was at the detection limit for the sensor. For the other small debris flow, we were not able to determine the timing of erosion due to the presence of a sediment layer covering the sensors. Measurements of pressure fluctuations along the channel sidewall, which are produced by interparticle collisions within the flow, indicate that the entrainment of sediment is coincident with the largest mean and fluctuating pressures, suggesting that interparticle collisions may drive the erosion process at the front of debris flows. After erosion at the head of the debris flows, sediment was deposited on top of the erosion sensor columns, indicating that the bed was reworked to a larger depth than directly visible at the surface after the event.
Introduction
[2] Debris flows can transform from an initially small flow to a large, hazardous flow by entraining sediment from the channel bed and banks. They are rapid mass movements of mixtures of poorly sorted sediment and variable amounts of water, and they have a flow behavior intermediate between landslides and sediment transporting floods [e.g., Major et al., 2005] . Typical debris flows have a steep front (head) containing the largest boulders, followed by a more fluid, turbulent slurry having a large concentration of suspended sediment (tail) [Costa, 1984; Iverson, 1997; McCoy et al., 2010] .
[3] Erosion can increase debris flow volume by several orders of magnitude [e.g., Takahashi, 1981; Gallino and Pierson, 1984; Scott, 1988; Pierson et al., 1990; King, 1996; Santi et al., 2008] and the efficiency of the erosional process primarily determines the total volume of the flow . A recent well-documented example [Scheuner et al., 2009] for volume increase by entrainment is the 2005 debris flow near Guttannen, Switzerland, where the final deposit volume (520,000 m 3 ) is substantially larger than the volume eroded in the initiation zone (170,000 m 3 ). In that case, preevent and postevent surveys show that most of the additional sediment was eroded from a fan downslope of its apex. Runout distance, and therefore impact on the environment, has been positively correlated with debris flow volume [Iverson, 1997; Rickenmann, 2005; Godt and Coe, 2007] . The erosion process must therefore play a key role in flow dynamics and should be included in dynamic debris flow models [Iverson, 2005; McDougall and Hungr, 2005] . Furthermore, the potential volume increase due to sediment entrainment should be considered in hazard assessments [Iverson et al., 1998; Rickenmann, 1999] .
[4] Some debris flow models are based on an assumption that a debris flow will erode and incorporate material from the bed until the solid concentration of the flow is as large as the equilibrium concentration for the channel gradient [e.g., Takahashi et al., 1992] . This notion is supported by Hungr et al. [2005] , who stated that flows with lower sediment concentrations by volume are expected to be more erosive than flows with larger sediment concentrations. In laboratory experiments by Rickenmann et al. [2003] , the erosion rate initially increased with increasing volumetric sediment concentration up to 0.4, and then decreased as sediment concentration increased. Papa et al. [2004] found that erosion rate decreased monotonically with increasing sediment size; however, their laboratory results were affected by sediment concentration. A recent lahar bulking model assumes that erosion depends on the flow depth, flow velocity, solid concentration, density ratio and bed slope [Fagents and Baloga, 2006] .
[5] Little is known about the governing mechanisms of debris flow erosion . Sediment erosion by debris flows may occur when bed sediment is mobilized by basal shear forces [Takahashi, 1981; Hungr et al., 2005] , or it may be related to grain-collisional stresses arising from the shear of the granular material [Stock and Dietrich, 2006] . In either case, forces on the bed are expected to be greatest at the debris flow front where flow depth is largest. Alternatively, in a laboratory study by Rickenmann et al. [2003] , observations were made of erosion at the tail of a flow due to bank collapse, and it was proposed that bank toe erosion at the debris flow front destabilized channel banks which then collapse into the flow as flow depth decreased. Erosion by dynamically similar granular snow avalanches has been reported to take place at the flow front [Sovilla et al., 2006] . During sediment transporting floods with an abrupt flow front (e.g., dam break floods), erosion has also been observed at the flow front [Fraccarollo and Capart, 2002] .
[6] This study reports on the direct measurement of the timing and rate of erosion during debris flows, using a new type of erosion sensor designed for this purpose [Berger et al., 2010] . Measurements were made during three debris flows in 2008 at the Illgraben in western Switzerland. The sensors were installed in the low-gradient channel on the fan, with a local slope angle of 5°. The data are used to argue that debris flow erosion generally takes place within a few seconds and at the head of the flow. To the best of our knowledge, these data are the first measurements on the timing and magnitude of erosion during debris flows in the field.
Field Site
[7] Erosion during debris flows was studied at the Illgraben catchment in Switzerland (Figure 1 ), where several sediment-transport and debris flow events are expected every year. The Illgraben catchment (10.4 km 2 ) is located in the western part of Switzerland and extends from the summit of the Illhorn mountain (2716 m above sea level (asl)) to the fan apex (850 m asl) and to the outlet of the Illgraben into the River Rhone (610 m asl).
[8] The climate is temperate-humid and is influenced by the rain shadow effect within an interalpine valley [Hürlimann et al., 2003] . Annual precipitation ranges from 700 mm in the lower part to 1700 mm in the summit region. Intense rainstorms occur mainly in summer [Hürlimann et al., 2003] and have maximum 10 min rainfall intensities of up to 11.4 mm (measured on 1 July 2008 at rain gage 1; Figure 1 ).
[9] The Illgraben catchment is underlain by Triassic sedimentary rocks. A large anticline, offset by a fault, separates limestones on the western flank from quartzites with interbedded dolomites and schists on the north face of the Illhorn [Gabus et al., 2008] . The trunk channel follows the southwest-northeast striking axial plane of this anticline [Schlunegger et al., 2009] . Bedrock and debris deposits cover 44% of the Illgraben catchment, 42% is covered by forest, and 14% by grassland . The debris fan is unusually large for the Alps and has a radius of about 2 km. It is dissected by several abandoned channels that are readily visible on topographic maps. These inactive channels are about 2-4 m deep and 4-8 m wide, and have cross-sectional geometries identical to the active channel. The fan volume is estimated at 500 × 10 6 m 3 , with a slope angle of 5.7° .
[10] Sediment transfer at the Illgraben is very large: from 2000 to 2009, on average approximately 100,000 m 3 of debris flow material per year were transported to the Rhone river. The subcatchment (4.6 km 2 ) experiencing debris flow activity has a mean slope angle of about 40° [Schlunegger et al., 2009] . A wide variety of flow types has been observed at the Illgraben, ranging from granular to muddy debris flows, to hyperconcentrated flows and flood events . Debris flows typically occur during intense summer thunderstorms from April to October, and the identification of their source areas is the topic of ongoing research. Triggering mechanisms appear to be related to sediment mobilization in areas where steep bedrock channels deliver large discharges of water onto sediment deposits [McArdell et al., 2007] , or where sediment stored in gullies is mobilized.
[11] A large debris retention dam (labeled CD1 in Figure  1 ), was built between 1967 and 1969 as a countermeasure after a large rock avalanche in 1961 [Lichtenhahn, 1971] . The rock avalanche had a volume of about 3,500,000 m 3 [Gabus et al., 2008] and the material was deposited along the axis of the Illgraben channel above the location of CD1. The rock avalanche did not immediately result in a debris flow, however the deposit was a source of material for the frequent debris flow events in subsequent years [Lichtenhahn, 1971; Rickenmann et al., 2001; Hürlimann et al., 2003] , and the ∼50 m tall check dam was filled naturally after construction. The channel downstream of CD1 was protected by 28 additional check dams (Figure 1 ) most of which are still intact. These check dams were installed several years after the completion of CD1, following a period of erosion due to the trapping of sediment above CD1. The check dams were designed to stabilize the channel bed at a lower level with a somewhat larger discharge capacity than the preexisting channel.
[12] Qualitative observations showed that the Illgraben channel bed does not have a coarse surface layer (mobile pavement or armor layer of relatively coarse sediment particles) on the surface after a debris flow. During flood events following a debris flow, the sediment on the surface is reworked and the fines are winnowed out of the surface. A grain size analysis of the surface layer for sediment smaller than 125 mm was performed in 2008 [Tschannen, 2009] with samples taken close to the Illgraben outlet; D 50 was 16 mm and D 84 50 mm.
[13] An automated observation station was installed in 2000 by the Swiss Federal Research Institute WSL [Rickenmann et al., 2001; Hürlimann et al., 2003; McArdell et al., 2007] . The main part of the observation station is located near the Rhone River confluence (Figure 1 ). Flow depth, image data, geophone activity, and weather information are recorded at different observation sites on the fan and in the catchment [Hürlimann et al., 2003] . A large 8 m 2 horizontal force plate, installed at check dam 29, records total normal and shear force [McArdell et al., 2007] . Data are also available from a smaller force plate (0.09 m 2 ) installed in a vertical concrete wall situated just upstream of the check dam containing the larger force plate. Two digital cameras, calibrated for photogrammetric use, were installed on the road bridge above the force plate to provide additional information on the debris flow front. The erosion sensors are located 70 m upstream of the force plate within the field of view of the digital cameras.
Methods

Erosion Sensors
[14] Erosion sensor columns were constructed for this study and installed in the bed of the channel on the fan, vertically and flush with the surface (Figure 2) . Details of the erosion sensor system are discussed by Berger et al. [2010] and only a short description is given here. A sensor column, initially 1 m long, was composed of 20 cylindrical aluminum tubes (50 mm tall and 25 mm in diameter). Each tube contained an electronic resistor which was connected to the resistor of the overlying and underlying elements (Figure 2 ). Together the tubes and resistors formed a resistance chain. As a debris flow eroded one or more elements, the connection to the resistor of the underlying sensor element was broken, and a drop in total resistance was recorded on a data logger. Hence, the timing and number of eroded elements could be determined by relating the drop in total resistance to the change in the length of the sensor column, and therefore to the depth of erosion.
[15] Five erosion columns were installed in April 2008 in the channel bed between check dams 28 and 29, about 70 m upstream of the debris flow observation station (Figure 1 ). The erosion sensors were arranged in a T shape. Two pore water-pressure probes were placed at 1 and 1.2 m depth at the downstream end of the sensor installation (Figure 1 ) to give more information on the movement of groundwater [Berger et al., 2010] . Measurements from the erosion sensors and pore water-pressure probes were logged at 8 Hz.
Only the timing and amount of maximum depth of erosion can be recorded as a consequence of the sensor design. Therefore, repeated cycles of fill and subsequent erosion remain undetected unless the uppermost element of the sensor column is entrained.
Photogrammetry and Topographic Surveys
[16] Two digital cameras ( Figure 1) were installed above the force plate on the road bridge crossing the Illgraben channel to determine the time of the arrival of the debris flow front at the sensor columns, and to obtain more information on the velocity and morphology of the debris flow front [Berger et al., 2010] . The field of view extended from check dam 28 to about 90 m downstream, with the erosion sensor site in the central part of the images. Scale varied from 1:600 to 1:2000 at check dam 28 with a resulting pixel size in nature of about 5 to 14 mm [Berger et al., 2010] . The total image RMSE (root-mean-squared error) of the point triangulation was 0.58 pixel (camera sensor pixel size 6.4 mm), and the RMSE of the control point measurements for the exterior orientation on the land surface was between 0.02 and 0.04 m. The vertical error is qualitatively estimated to be on the order of 0.1 m, which is larger than the errors from the photogrammetric triangulation. [17] Topographic surveys were performed before (17 June) and after (4 July) a debris flow on 1 July 2008 with a total positioning instrument (Leica TC 407). Cross sections of the channel topography before and after the debris flow on 1 July 2008 were constructed from the DTMs generated by the surveys. The center of the cross sections was located at the midpoint between succeeding front positions derived from the photogrammetric analysis. Observations farther upstream at Bhutan bridge ( Figure 1 ) were used for comparison of magnitudes of erosion and deposition elsewhere on the fan. DTMs of the channel underneath the bridge were made using close-range photogrammetry after debris flows.
Debris Flow Observation Station
[18] Measurements of flow depth, and normal and shear stress from the observation station were used to characterize the events where erosion was detected at the sensor columns. The measurements and derived calculations were extrapolated directly to the erosion sensor site 70 m upstream. Videos of the channel reach above the erosion sensors and at the observation station show that variability in flow height between these two locations is less than 10%.
[19] The observation station described by Rickenmann et al. [20] When the observation station is active, data are recorded at 1 Hz until the geophone signal falls below the detection threshold at check dam 24. When the signal falls below the detection threshold, data are recorded at one Hz for another 10 min, and background sampling starts subsequently (the data from the erosion sensors, as described earlier, are recorded more frequently). In the background sampling mode, data are stored at a rate of one sample per 10 min, along with mean, maximum, and minimum values, and the last instantaneous value. When 10 min data are displayed in this study, they refer to the preceding 10 min interval up to the time indicated. The background data are used when the station returned to background sampling after a debris flow.
[21] The time when the debris flow front arrived at the erosion sensors was derived either by means of the stereo images, or from video records of the flow front passing over check dams 28 and 29. Using both methods, the resulting uncertainty in the determination of the time when the flow arrived (t = 0) was ±1 s when it was possible to compare (1 July and 31 August 2008). The stereo images and logged data from the erosion sensors and observation station are synchronized to the Swiss cell phone network clock. Arrival of the debris flow front at the force plate (visible on the video) was used to synchronize the video recordings with the observation station data.
[22] Flow depth h was recorded by means of a laser and radar device mounted on the bridge above the force plate. During debris flows, laser data were used because the laser responds more quickly than the radar to rapid height fluctuations. All tare and initial values for flow height, shear and normal force were taken from calibration periods at the force plate when no discharge was observed and the force plate was clean. The laser measures the distance to the top of the flow, and we assume that the force plate was generally clean of sediment during the events, so we can take the distance to the force plate to represent the bottom of the flow for calculating the flow depth. Slope angle a of the channel reach directly upstream of the force plate was 5°during this study. Additional flow depth data were available from a radar sensor at check dam 10 ( Figure 1 ) which is part of the independent warning system for the community on the fan .
[23] Total normal force F N and shear force F H were measured at the force plate ( ) of the flowing mixture was calculated using the ratio of normal stress s to flow depth h, r = s/(gh), where g is the gravitational acceleration due to gravity. Maximum discharge at the debris flow front was calculated as the product of front velocity (from the travel time of the front over a known distance) and crosssectional area at the trapezoidal-shaped cross section at the force plate.
[24] An array of six 0.30 m by 0.30 m force plates is mounted on a vertical wall, named the Shear Wall, which was constructed parallel to the flow along the channel bed just upstream of the force plate ( Figure 3 ). The shear wall, a 14 m long, 2.5 m tall steel-reinforced concrete wall, was designed to provide information on the flow properties as a function of height above the channel bed. In addition to the force plates, the wall also includes 18 geophones, all of which are sampled at a rate of 2 kHz when one of the geophones on the wall registers a large number of impulses similar to that which activates the observation station, as described above. In this paper we evaluate the mean and fluctuating component of the forces against the wall for comparison with the erosion sensor data. We describe the data from a force plate installed at a height between 0.3 and 0.6 m above the elevation of the downstream check dam. We selected this sensor for detailed study herein because it is the one closest to the channel bed where the erosion is observed and it is the lowest elevation force plate which is completely exposed to the flow; the force plate at a height of 0.0 to 0.3 m above the bed is typically partially buried by small lateral levee deposits. For the analysis herein, we used the mean force of each 0.02 s interval (40 data points) to produce a 50 Hz time series which was analyzed for the mean and maximum pressure for each second interval during the flow when data are available.
Results
[25] Erosion was detected by the sensor columns during three debris flows in the 2008 field season (Table 1 ). The first debris flow occurred on 16 June (erosion at sensor 5), the second on 1 July (erosion at sensors 4 and 5), and the third debris flow on 31 August (erosion at sensor 3). In what follows, we present detailed analysis and interpretation for the debris flow on 1 July 2008, followed by a shorter description of the remaining debris flows. rowest section downstream of cross section C, more lateral variability in the downstream position of the front was observed. This is also visible in the longitudinal profile of the flow where the front became progressively less steep (Figure 4) . We assume that the flow was no longer influenced by check dam 28 by the time it reached cross section D because the velocity at this point (5.5 m s −1 ) was close to the reach-averaged velocity between check dams 27 and 29 (5.3 m s −1 ). Furthermore, the longitudinal profile at the force plate (assuming constant flow velocity) is similar to that at the erosion sensors (Figure 4) .
[27] The flow had a sharp and watery front ( Figure 7 ) with boulders up to 2.5 m in diameter and woody debris visible on the video recordings. At the observation station, the front height increased from near zero (a dry bed) to 2.35 m, reaching maximum flow depth at 21 s after front arrival (Figure 8 ). This change in front depth corresponds to the first ∼110 m of the length of the debris flow (5.3 m s −1 × 21 s). Flow depth decreased to half the maximum front height after about 13 min (780 s; see Figure 8a and Table 1 ). The flow consisted of two main surges, the first with a maximum depth of 2.35 m at 21 s (Table 1) , and the second with a depth of 2.05 m 5 min (300 s) later (Figure 8a ). Additional features in the flow depth plot are related to either the passage of large boulders after 26 min (1560 s), or a smaller surge after 37.5 min (2250 s). Flow front velocity at the erosion sensor site derived from photogrammetric analysis was 5.5 m s −1 . Front velocity derived from geophone signals at check dams 27 and 29 was 5.35 m s −1 for the first surge, and 3 m s −1 for the second surge. Maximum front discharge Q max was estimated at check dam 29 at about 90 m 3 s −1 . The observation station returned to background sampling mode about 57 min (3430 s) after the arrival of the flow front.
[28] The transformation in the geometry of the debris flow traveling down the channel was analyzed by comparing the wetted cross-sectional areas at the apex of the fan (check dam 10) and at the observation station at check dam 29. Wetted areas were displayed instead of flow depths to account for different geometries at these cross sections. The wetted cross-sectional areas ( Figure 9 ) at both locations indicated surge-like front geometry, and show variability of the flow as it traveled down the channel. Observed secondary surges at check dam 10 were attenuated or eliminated and were not apparent when the flow reached check dam 29. 
Erosion and Observation Station Measurements
[29] Erosion was detected at erosion sensors 4 and 5 within 15 s after the arrival of the flow front (Figure 8b ). Sensor column 4 had an initial length of 1 m and was situated at the edge of the preexisting thalweg. Sensor 5, which had been eroded by previous events to a height of 0.75 m was located within the existing thalweg. The topmost elements of both sensors columns were at or within a few cm of the channel surface (h = 0). Erosion was not recorded at erosion sensors 1-3. The noneroded sensor columns were located on the right side of the thalweg before the event, and the tops of the sensors were covered with sediment.
[30] Erosion sensor 5 was eroded by 0.05 m (corresponding to one sensor element) about 5 s after flow front arrival ( Figure 8 and Table 1) . Two seconds later, 0.25 m erosion (5 elements) was recorded at sensor 4, and 9 s after flow front arrival, sensor 5 was eroded once more by 0.05 m. Both sensor columns were eroded considerably between 14 and 15 s after front arrival (0.25 m at sensor 4, 0.2 m at sensor 5), stopping at 0.5 m (sensor 4) and 0.55 m (sensor 5) below the initial surface. Two sensor elements (corresponding to 0.1 m length) of sensor 4 were not eroded completely, and apparently remained partially connected because the signal fluctuated between 15 and 160 s after front arrival until both elements were completely removed.
[31] Time after flow front passage was used to compare the erosion data with the force plate data. The subscript er refers to the time when erosion was first detected, and the subscript max is used for maximum values occurring during an event. When erosion was recorded for the first time at sensor 5, flow depth h er was 1.5 m, normal stress s er 30.4 kPa (s max 43.5 kPa), shear stress t er 1.9 kPa (t max 5.1 kPa), and wet bulk density was at its maximum value r er = r max of 2000 kg m −3 (Table 1 ). The maximum value for shear stress may be an outlier; however we do not have independent data for confirmation. Erosion started about 15 s before maximum values of flow depth, normal stress, and shear stress were reached. During the second surge which traveled more slowly and was shallower than the first surge, no additional erosion was observed at the sensors even though the flow depth was larger than at the time erosion began. Although erosion and flow depth were measured at two different locations, the shapes of the longitudinal profiles, as discussed above, are similar, suggesting that the comparison of erosion with flow depth and shear stress from 70 m downstream is reasonable (Figure 8 ). Due to the unsteadiness and variability of the flow observed in Figure 9 , effective values of flow parameters (e.g., depth, normal and shear stress) cannot be obtained specifically for the erosion sensor site.
[32] The subsurface pore pressure data (sensors initially buried at 1 and 1.2 m depth) at the erosion sensors (Figure 8b ) are of interest because elevated pore pressures may enhance channel bed mobilization [e.g., Takahashi, 1981] . The pore water-pressure probes indicated that the water table was below the sensors before the event. At both pressure probes, maximum values of 0.25 m (pure water equivalent depth) were reached at 10 s, remained constant during the interval when most of the erosion was observed (until 20 s after passage of the front), and decreased exponentially over the next 30 s to the prefront value. Although it is difficult to interpret the pore pressures due to the presence of the unsaturated bed above them, it seems clear that a pressure wave from the surge front was transmitted through the channel bed. Because both probes reacted simultaneously, the groundwater table was probably not rising.
Elevation Change and Cross Sections
[33] The change in elevation of the channel bed was analyzed with topographic surveys which were performed before (17 June 2008) and after (4 July 2008) the event. The net elevation changes are displayed in Figure 10 together with the contour lines from the survey after the event. The spatial pattern of elevation change was heterogeneous, but a general pattern of net erosion (Figures 10 and 11 ) was apparent. Local scour of up to 1 m was observed for about 10 m downstream of check dam 28. Erosion was observed in the central part of the channel with deepening and widening of the thalweg and erosion of old levees or minor banks (cross sections A and B in Figure 11 ). Deposits formed on the lower right bank at cross sections A and E-F (Figures 10 and 11 and Appendix A). Over the study reach [34] Our interpretation of the erosion data is that after sensor 5 was eroded (cross section D in Figure 11 ) to 0.55 m below the initial surface, sediment was deposited and the top of the sensor was buried by about 0.2 m sediment, resulting in 0.3 m net erosion (Figures 10 and 11) . Similar behavior was observed at erosion sensor 4, where maximum erosion was recorded 0.5 m below the initial surface, and subsequent deposition of 0.2 m sediment yielded 0.3 m net erosion. If this is so, then significant reworking of the bed with deep erosion and subsequent deposition must have occurred. Erosion sensors 1-4 were outside the thalweg before the event (effectively in the channel bank created by erosion from previous events). The narrow thalweg erosional zone formed by the debris flow only intersected sensor columns 4 and 5. Due to the preevent position of sensor 4 in the channel bank, the data from sensor 4 can be interpreted as widening of the channel.
Other Debris Flow Events 4.2.1. Debris Flow of 31 August 2008
[35] Video recordings of a debris flow on the evening of 31 August 2008 showed a granular front followed by a muddy flow body. Front velocity v front was 1.9 m s −1 and was calculated from the travel time over the 460 m long reach upstream of the force plate. Maximum flow depth measured at the force plate h max was 1.47 m (Figure 12 ). Maximum flow depth occurred within 17 s of the front arrival, and depth decreased to half the maximum about 9 min (540 s) after front arrival. Maximum discharge Q max was 17 m 3 s −1 (Table 1 ). The event was muddier, slower and had a smaller front height than the debris flow on 1 July 2008. The observation station returned to background sampling 28 min (1680 s) after front arrival. Unfortunately, a photogrammetric analysis of the images taken from the road bridge was not possible because lighting conditions were insufficient.
[36] Erosion was detected at sensor 3 only. The sensor had an initial length of 0.65 m, and the top of the sensor was close to the surface. Sensor columns 4 and 5 were not rebuilt after the 1 July debris flow nor after a flood on 19 August which affected sensor column 5, so the tops of these sensor columns were relatively deeply buried in the channel substrate. On 31 August, these sensor columns were therefore covered with sediment from preceding events, similar to sensor columns 1 and 2 which were covered by the levee formed during the 1 July debris flow. At erosion sensor 3, 0.05 m (one erosion sensor element) of sediment was eroded 7 s after front arrival and 10 s before maximum values for normal stress, shear stress, and calculated wet bulk density were reached (Table 1 and Figure 12 ). The general timing of erosion at the front of the debris flow was similar to the debris flow on 1 July 2008, but the magnitude of erosion was far smaller. It is difficult to draw conclusions about the magnitude of erosion when only one sensor element is removed. However, erosion was also measured for this event in the channel 2 km upstream with photogrammetric methods (see section 5) and provides further support for the erosive character of the 31 August debris flow. [37] The flow parameters at the force plate 7 s after front arrival (at the time when erosion was recorded upstream) were flow depth h er 1.09 m, normal stress s er 21.3 kPa (s max 26.6 kPa), shear stress t er 2.0 kPa (t max 2.9 kPa) and wet bulk density r er 2000 kg m −1 (r max 2200 kg m −3 ; Table 1 ). When comparing the properties of the 1 July and 31 August 2008 debris flows at the time of erosion, shear stress and bulk density were quite similar, but flow depth and normal stress were larger during the 1 July event (Table 1) [38] Pore water pressure started to increase 5 s after the arrival of the front and peaked at 10 s with an amplitude of 0.15 m. The signal decayed to background values about 50 s after the passage of the front. The erosion coincided with the time that the pore pressure signal began to increase. These results are similar to the 1 July event (Figures 8 and 12) , although the data are difficult to interpret unambiguously because the water table was at a lower elevation than the pressure sensors before and after the event.
[39] A full bed survey was made only after the 31 August event. It is not possible to use the survey from 4 July because a flood occurred before the August debris flow and rearranged the thalweg. The postevent survey on 4 September showed that the top of the erosion sensor was covered with 0.2 m sediment. We interpret these data similarly to the 1 July event, as sediment was deposited on top of the sensor following erosion. In this case the net change of bed elevation was 0.15 m at erosion sensor 3 (net deposition).
Debris Flow of 16 June 2008
[40] A debris flow on 16 June 2008 had an abrupt, watery front with woody debris and few visible large sediment particles in the front or on the flow surface (based on video recordings [Berger et al., 2010] ). The observation station returned to background sampling about 18 min (1080 s) after flow front arrival and only 10 min data are available afterward. Front velocity v front was 2.4 m s −1 (from the travel time over the 460 m long reach upstream of the force plate), and maximum flow depth h max was 1.13 m at the force plate. Flow depth peaked 127 s after flow front arrival and decreased to half the maximum flow depth between 14 and 25 min (840 and 1500 s) after front arrival. During the time the observation station was active (1 Hz sampling value), maximum discharge Q max was 15 m 3 s −1 . No images taken from the road bridge were analyzed because the lighting conditions were insufficient.
[41] During this event, erosion was measured at sensor column 5, and was delayed with respect to the passage of the front and occurrence of maximum flow depth and shear stress values measured at the observation station (Figure 13) . From a channel bed survey on 30 April 2008, prior to the event, we determined that the uppermost elements of erosion Figure 11 . Selected cross sections before and after the debris flow on 1 July 2008. Topographic surveys were made on 17 June and 4 July 2008, and the downstream distance from CD28 is indicated. The location of the cross sections is shown in Figures 5 and 10 , and the view is downstream. The elevation from the lateral levees from the survey after the event, and the elevation of maximum erosion at sensor column 5 are displayed in cross section D. sensors 3 and 5 were covered by about 0.4 m and 0.1 m of sediment, respectively. The sediment atop erosion sensor 5 had to be removed by the flow before erosion could be measured. Erosion at sensor 5 began 44.5 min (2670 s) after front arrival, and 0.15 m of sediment was eroded in a stepwise manner within about 12 min (720 s; see Figure 13 ). At the time erosion began, flow depth h er was 0.44 m, basal normal stress s er was 6.8 kPa (s max 22.5 kPa), basal shear stress t er was 0.4 kPa (t max 2.6 kPa) and wet bulk density r er was 1400 kg m −3 (r max 2300 kg m −3
; see Table 1 ). The initial level of the channel surface (h = 0) is shown in Figure 13 with the top of erosion sensor 5 located 0.1 m below the initial surface.
[42] Unfortunately the pore water-pressure data were stored at 1 Hz only when erosion was recorded, so only 10 min data are available until erosion began during a later stage of the flow. The pore water-pressure probes recorded [43] While maximum values of flow depth, shear stress, normal stress and bulk density are similar to those of 31 August event (Table 1) , the values measured at the time erosion began are substantially smaller. Erosion of the sensor element took place during a late phase of the event where the sensor data (e.g., bulk density) indicate that floodrelated bed load transport erosion was occurring. This interpretation is supported by the fact that the observation station had returned to background sampling, indicating that the intensity of the flow had decreased below the empirically set instrumentation threshold for debris flow activity.
Shear Wall Data
[44] The small vertically mounted force plate on the shear wall can be used to explore the possible role of particle collisions in entraining debris. We assume that particle collisions within the flow produce normal fluctuations in all three coordinate directions. The data from the small force plate show that the mean and fluctuating component of the pressure directed into the shear wall was the largest at the leading edge or roughly within the first 50 s of the flow for the 1 July 2008 debris flow (mean 32 kPa, fluctuating component up to 45 kPa). The two smaller debris flows generally show smaller mean and fluctuating pressures (Figure 14) . In all three debris flows, the fluctuating component of the pressure is largest at the front and decreases with time during the debris flow.
Discussion
General Observations on Debris Flow Erosion
[45] Erosion of up to 0.5 m was observed on 1 July 2008 at the erosion sensor site on the lower end of the Illgraben fan. Such large magnitudes of erosion are generally expected to occur in the initiation zone of a catchment, and the observation of erosion in the channel near the downstream end of the fan is perhaps unexpected when considering that a debris fan is, on average, a depositional feature in the landscape. However, erosion on fans has also been observed, for example, by Imaizumi et al. [2006] and Scheuner et al. [2009] . Channel bed surveys with close-range photogrammetry show that at Bhutan bridge, the debris flows on 16 June, 1 July, and 31 August 2008 caused net erosion in the thalweg zone of up to 3 m (1 July), and formed lateral levees within the channel (Figure 15 ). The observed debris flow erosion at the sensor site is therefore not unique on the Illgraben fan. We attribute the large erosivity of the debris flows on the fan to the present channelized condition of the channel.
[46] Erosion during the two large debris flows (1 July and 31 August 2008) occurred soon after arrival of the welldefined flow front and occurred through deepening and widening of the channel thalweg. Only one sensor column was affected by the flow in two of the three events and in the case where two columns were affected (1 July 2008), both widening and deepening were observed. Channel erosion by widening during debris flows is described, for example, by Pierson et al. [1990] and Johnson et al. [2008] , and has been observed in laboratory experiments . Erosion during the flood-like tail of a debris flow may be fluvial in nature, with entrainment of individual particles and removal of smaller particles by winnowing.
Timing of Debris Flow Erosion
[47] Erosion was recorded during debris flows on 1 July and 31 August 2008 about 10 to 15 s before maximum values for flow depth, total normal stress, shear stress and [Berger et al., 2010] . (a) Flow depth. (b) Channel surface, level of topmost erosion sensor element (covered before the event), level of pore water pressure (all with respect to the channel surface at h = 0). (c) Shear stress and calculated wet bulk density. The observation station turned off after 1080 s, and 10 min data from background sampling are displayed afterward. Wet bulk density is calculated using a mean flow depth and normal force from the force plate when only 10 min data were available. calculated wet bulk density were reached. These results show that erosion and entrainment of material were associated with the impact of the flow front on the channel bed. The observed timing of debris flow erosion at the head of the flow is in accordance with experimental results reported by Reid et al. [2009] , and with results obtained from dynamically similar snow avalanches [Sovilla et al., 2006] . Field data regarding the timing of debris flow erosion are scarce. A bedrock erosion model by Stock and Dietrich [2006] predicts that erosion should be at the front where the particle collisional stresses are expected to be the largest for a debris flow with a granular snout. The Stock and Dietrich model is supported by results from laboratory experiments with a rotating drum by Hsu et al. [2008] who observed that bedrock erosion depends strongly on the grain diameter, but only moderately on the shear rate of the flow.
[48] In contrast to the other two debris flows, erosion during the debris flow on 16 June 2008 was observed well after the passage of the front. The debris flows on 16 June and 31 August 2008 had comparable front velocities, maximum wet bulk densities, shear stresses, total normal stresses, and hydrograph shapes. The debris flow on 1 July 2008 was considerably larger in velocity, depth and normal stress (shear stresses were similar excluding the outlier on 1 July as discussed earlier), but had flow characteristics similar to the other two debris flows, such as rapidly increasing flow height at the front, a monotonically decreasing flow height in the body and a shallow-depth tail. Because the debris flows all had a similar flow depth profile and because erosion was recorded near the heads of the debris flows on 1 July and 31 August 2008, it is possible that the 0.1 m thick layer of sediment that covered the top of the erosion sensor on 16 June was eroded within the first few seconds after the arrival of the front, however data are not available to evaluate this hypothesis. The 16 June debris flow was unusual in comparison to the other two debris flows because no net deposition occurred during the flow. This lack of sediment deposition is similar to what we observed following the passage of floods. This suggests that the 16 June event had a hybrid character with a debris flow front and flood-like tail.
Rate and Mechanisms of Erosion
[49] The mechanism of sediment entrainment from the channel bed by debris flows is typically described as a rapid mobilization of sediment controlled by an imbalance between the shear force exerted on the bed and the shear resistance of the channel bed [Takahashi, 1981; Hungr et al., 2005] . Erosion is enhanced by bed-strength loss due to rapid undrained loading, impact loading , and liquefaction of the channel material [e.g., Sassa and Wang, 2005] . In contrast, erosion of bedrock by debris flows has been postulated to be driven by the inertial normal stresses within a debris flow which arise from particle collisions [Stock and Dietrich, 2006] . While the erosion of bedrock is different from the entrainment of sediment from a channel bed, it is probably reasonable to assume that the large instantaneous normal stresses generated by particle collisions within a debris flow may also mobilize sediment.
[50] Our instrumentation does not allow identification of the exact mechanism of debris flow entrainment. However, Figure 15 . Net elevation change at Bhutan bridge after debris flow events when erosion was detected at the sensor columns. Difference models of net elevation change are derived from photogrammetric surveys performed on 29 April, 19 June, 2 July, 25 August, and 2 September 2008. A shaded relief from the survey after the event is displayed for every data set.
[51] In a model for erosion by lahars [Fagents and Baloga, 2006] , the rate of erosion depends on the sediment concentration and on the unit discharge. We do not have all of the information to fully evaluate their model for application to the Illgraben; however, the data from the Illgraben can be used to corroborate their model in that for a given flow bulk density, the rate of erosion should increase as the unit discharge increases. The 1 July (first surge) and 31 August debris flows have similar bulk densities at the time erosion was observed; the unit discharge of the 1 July debris flow is four times larger than that of the 31 August debris flow, and the rate of erosion is for the 1 July flow is larger than the 31 August debris flow.
[52] Elevated pore water pressures may lead to liquefaction of the channel bed. Simultaneous, wave-like signals were observed at both pore water-pressure probes (initially 1 and 1.2 m depth) during passage of all debris flow fronts. The channel bed at the depth of the pore water-pressure probes was unsaturated before the debris flows. Therefore, we cannot conclusively interpret whether the pore water pressure signal variations recorded effects related to shock waves during the passage of the debris flow front at this time. Nevertheless, we note that the passage of the front did have a measurable imprint even at 1.2 m depth.
[53] Data from the small force plate on the shear wall ( Figure 14) indicates that the mean and fluctuating component of the normal stress (directed into the sidewall) have the largest magnitudes at the front of the flow, and decrease with time during the debris flow. Although more observations (ideally with a small force plate on the bed of the channel) are necessary to corroborate these observations, it is possible that erosion of the sediment may be caused by the large fluctuating pressures acting on the channel bed, analogous to the pressures supposed to be responsible for bedrock erosion by debris flows in the model proposed by Stock and Dietrich [2006] . The fluctuating pressures are expected to be largest at the leading edge of the flow where the largest particles are typically observed. It is also likely that the largest instantaneous downstream-directed shear stresses at the leading edge of the flow would further enhance the entrainment of sediment.
Implications
[54] During passage of the debris flows, the channel bed was reworked to a larger depth than indicated by net changes in bed elevation alone. Entrainment of bed material may have influenced flow mobility because the flow had to accelerate sediment masses on the order of 1/10th of the flow thickness from rest up to the speed of the debris flows within several seconds. In the case of channel bed erosion, the front of a debris flow then may act as a "mobile dam" with larger friction than the body of the flow. The idea that the head of a debris flow may act as a mobile dam was proposed by Major and Iverson [1999] and Iverson and Vallance [2001] . In their conceptual model of debris flow, the fluidized body of a debris flow is restrained by the front of the flow where the shear resistance is larger because the front of the flow is not fully fluidized. The model has been corroborated by both large-scale laboratory experiments [Iverson and Vallance, 2001 ] and field observations [McArdell et al., 2007] . Our entrainment observations suggest a complementary mechanism which operates where substantial entrainment of bed material takes place. Progressive entrainment of a debris flow results in a larger debris flow volume, which is typically associated with longer runout distances. Our data, however, do not permit a detailed investigation of the influence of event volume and runout distance.
Conclusions
[55] Using a channel bed erosion sensor, we measured the timing and magnitude of channel bed erosion for three debris flows. Channel bed sediment was entrained rapidly at the head of the largest debris flow within 20 s after front arrival, and onset of erosion started before maximum values for flow height, normal stress and shear stress were reached. Erosion measurements in one of the two smaller debris flows also occurred at the head of the flow, however the magnitude of erosion was at the detection limit for the sensor. For the other small debris flow, the sensors were covered by a layer of recently deposited sediment, so we were unable to detect the timing of erosion of this layer. The erosion in the two largest debris flows was observed coincidentally with the largest mean and fluctuating pressures within the debris flow, suggesting that inertial stresses within the solid phase may be driving the entrainment of sediment at the front of the flow.
[56] During passage of the debris flows, erosion and deposition took place sequentially with erosion at the head and with deposition during a later stage of the flow. Therefore, the channel was reworked to a larger depth than indicated by preevent and postevent surveying measurements. Photogrammetric observations made from a footbridge 2 km upstream of the erosion sensor site also show net erosion of up to 3 m after passage of a debris flow and corroborate our measurements of the magnitude of debris flow erosion. Collectively, these observations indicate that significant debris flow erosion can occur on debris fans when the flow is confined to a channel.
[57] Entrainment of material at the debris flow front must produce some additional flow resistance near the head because the eroded material must be accelerated from a state of rest up to the speed of the flow within a few seconds. These results suggest that debris flow runout and inundation models should include a description of the entrainment process to accurately describe the motion of the flow.
Appendix A: Photogrammetry at the Erosion Sensor Site
[58] Two digital cameras (Canon EOS 20D; Figure 1) were installed above the force plate on the road bridge crossing the Illgraben channel to determine the time of the arrival of the debris flow front at the sensor columns, and to obtain more information on the velocity and morphology of the debris flow front [Berger et al., 2010] . The field of view extended from check dam 28 to about 90 m downstream, with the erosion sensor site in the central part of the images. The base length between the cameras was 6 m. For both cameras, a focal length of 55 mm with a fixed aperture (5.6) was used, and the shutter speed was determined automatically. The cameras were triggered automatically when the observation station was activated by a debris flow, and images were made synchronously every second over 10 min. As a consequence of the camera setup and simultaneous triggering, a photogrammetric analysis of stereo image pairs was feasible. Scale varied from 1:600 to 1:2000 at check dam 28 with a resulting pixel size in nature of about 5 to 14 mm [Berger et al., 2010] .
[59] Lighting conditions were challenging because debris flows often occurred at dusk. Therefore, optimal exposure required a long shutter speed which resulted in blurred images of the moving debris flow front. Consequently, the images of only one debris flow (see below) were of sufficient quality for photogrammetric evaluation. Photogrammetric analysis was further complicated by boulders and channel banks which obstructed parts of the images.
[60] The photogrammetric analysis of the 1 July debris flow was accomplished using the software "Leica Photogrammetry Suite, LPS, 9.2" [Leica Geosystems Geospatial Imaging, 2008] . The exterior orientation was restored with control points marked and surveyed in the field, and the camera was calibrated in the laboratory using standard procedures [e.g., Luhmann et al., 2006] to determine the interior parameters of the cameras. Control and tie points of all images were triangulated in a bundle-block adjustment [Luhmann et al., 2006] . The total image RMSE of the point triangulation was 0.58 pixel (camera sensor pixel size 6.4 mm), and the RMSE of the control point measurements for the exterior orientation on the land surface was between 0.02 and 0.04 m. However, point extraction of the profile was hampered because the images were partially blurred due to long exposure time. In addition, the low-angle view of the cameras frontal to the flow yielded large differences in pixel resolution over the observed reach. The vertical error is qualitatively estimated to be on the order of 0.1 m, which is larger than the errors from the photogrammetric triangulation.
[61] From 17 stereo pairs, the front isochrone was extracted at the intersection of the downstream-most front position with the channel bed. The distance between subsequent front positions was used to calculate flow-front velocity. For visualization of the longitudinal front profiles, the centerline on the surface of the debris flow was extracted from the downstream-most front position to about 20 m downstream of check dam 28.
